Climate and longleaf pine (Pinus palustris P. Mill.) radial growth relationships have been documented within its southern and western distribution. However, knowledge of this relationship is lacking along its northern latitudinal range margin (NLRM). Based on the principles of ecological amplitude, limiting factors, and studies of coniferous species in eastern temperate forests of the U.S., we hypothesized that the radial growth of longleaf pine in mixed pine-hardwood forests is responding to winter temperatures in southeastern Virginia. Two longleaf pine chronologies were developed to determine the relationship between radial growth and monthly temperature, precipitation, and Palmer Drought Severity Index (PDSI) via response function analysis (RFA). Results at the 0.05 level yielded significant response function coefficients with a positive response to current winter temperature and precipitation and a negative response to prior August PDSI. In studies of climate and longleaf pine radial growth in other parts of its range, winter temperature and precipitation have not shared a significant positive association with radial growth. Instead current spring and summer precipitation usually share this positive association. These findings add more evidence to an emerging pattern suggesting that winter temperatures contribute to limiting the radial growth of temperate conifers at northern range margins in the Northern Hemisphere.
INTRODUCTION
The relationship between climate and radial growth throughout a tree species' geographical range and distribution is important to forest management and restoration so that land managers can be informed of predictions of a tree species response to future climate change (Cook and Cole 1991; Cook et al. 1998; Iverson et al. 1999; Tardif et al. 2001; Mä kinen et al. 2002; Pederson et al. 2004; Hopton and Pederson 2005; Zhang and Hebda 2004; Hoshino et al. 2008) . Based on the principles of ecological amplitude, limiting factors, and the concept that tree species' range limits are likely constrained by climate, radial growth of species at their northern latitudinal range margins (NLRMs) should be constrained predominantly by temperature (Shreve 1914; Fritts 1976) . This relationship does not hold true for some broadleaved species. For example, white oak (Tardif et al. 2006) , chestnut oak (Quercus montana Willd.), northern red oak (Q. rubra L.), and pignut hickory (Carya glabra P. Mill.) (Pederson et al. 2004 ) lack a winter temperature response at their NLRMs. However, cool winter temperatures have been documented as limiting radial growth for a few temperate coniferous and broad-leaved species in eastern North America along their NLRMs, specifically loblolly pine (Pinus taeda L.) in Arkansas and eastern Maryland (Cook et al. 1998) , American beech (Fagus grandifolia Ehrh.) and eastern hemlock (Tsuga canadensis (L.) Carr.) in southern Quebec, Canada (Tardif et al. 2001) , Atlantic white cedar (Chamaecyparis thyoides (L.) B.S.P.) throughout southern New England and eastern New York State (Pederson et al. 2004; Hopton and Pederson 2005) , and pitch pine (Pinus rigida P. Mill.) in the Hudson River Valley of the United States (Pederson et al. 2004) . These findings suggest that these and possibly other species might have a positive growth response to warming if it is not accompanied by substantial moisture deficits.
Regarding the climate response of the southern yellow pines in the southeastern temperate forests of North America, loblolly pine's climate response is the best-studied. A study of loblolly pine across its range indicates its radial growth is limited by cool January and February temperatures at its NLRM in eastern Maryland and February temperatures and as it approaches its NLRM in Arkansas (Cook et al. 1998) . Other southern yellow pines have been studied in other portions of their range including loblolly pine (Friend and Hafley 1989; Grissino-Mayer et al. 1989; Travis and Meentemeyer 1991) , shortleaf pine (Friend and Hafley 1989; Travis and Meentemeyer 1991; Grissino-Mayer and Butler 1993) , slash pine (Foster and Brooks 2001; Ford and Brooks 2003) , and longleaf pine (Lodewick 1930; Coile 1936; Schumacher and Day 1939; Meldahl et al. 1999; Devall et al. 1991; Zahner 1989; Foster and Brooks 2001; Henderson and Grissino-Mayer 2009) . The effects of climate on growth of the other southern yellow pines, longleaf pine (Pinus palustris P. Mill.), shortleaf pine (Pinus echinata P. Mill.), and slash pine (Pinus elliottii Englem.) at their NLRM however, remain essentially understudied. Climate-growth relationships for these species are important because they are both ecologically significant and important economic resources for the southeastern United States, which could be impacted by global climate change (Iverson et al. 1999) .
Dendroclimatological research on longleaf pine has been ongoing for almost eighty years focusing mainly on intact forests of the Southern Coastal Plain and Eastern Gulf Coastal Plain longleaf pine vegetation ecoregions (Peet 2006 ; Figure 1 ). Lodewick (1930) ; Coile (1936) ; Schumacher and Day (1939) ; Meldahl et al. (1999) ; Foster and Brooks (2001) , and Henderson and Grissino-Mayer (2009) identified significant cor- relations of radial growth with precipitation and drought between March and October of the current year in the Eastern Gulf and Southern Coastal Plains ranging from the northwestern panhandle of Florida through southern Alabama to southeastern Georgia and northeastern Florida. In the Eastern Gulf Coastal Plain, Zahner (1989) showed that summer weather, particularly drought, influenced radial growth in southern Alabama whereas in southern Mississippi, current year August precipitation, September temperatures, and February Palmer Drought Severity Index (PDSI) were positively associated with radial growth (Devall et al. 1991) . Like some of the other southern yellow pines, knowledge regarding the climate-growth relationship for longleaf pine is lacking along its northern range limit.
The objectives of this study were to (1) develop longleaf pine chronologies from longleaf pine in Virginia, (2) determine which climatological variables influence longleaf pine growth, and (3) contribute to a better understanding of the spatial variability of longleaf pine radial growthclimate relationships throughout its range. Our results aim to provide a better understanding of the ecology of this species near its NLRM so that predictions regarding its response to climate change can be made with greater certainty. Based on the principles of ecological amplitude and limiting factors and studies of other tree species at their NLRM, we hypothesized that longleaf pine radial growth is responding to winter temperatures at its NLRM.
MATERIALS AND METHODS

Study Area and Study Sites
The study area is located in the Atlantic Coastal Plain longleaf pine ecoregion of southeastern Virginia. Elevation ranges from 0 to 30 m a.s.l. and the landscape is composed of shorelines, sand dunes, and middle-elevation ancient marine terraces dating as far back as the Miocene (Woods et al. 2005) . Present-day Atlantic Coastal Plain upland forests consist of hickory (Carya sp.), shortleaf pine, loblolly pine, white oak (Quercus alba L.) and post oak (Quercus stellata Wangenh.), and bottomland forests include tupelos (Nyssa sp.), various oaks (Quercus sp.), and bald cypress (Taxodium distichum (L.) L.C. Rich.) (Woods et al. 2005) . Prior to European settlement, longleaf pine occurred in pure and mixed forests, but only remnant populations exist in southeastern Virginia (Frost and Musselman 1987; Sheridan 1993; Sheridan et al. 1999; Frost 2006) .
We studied the only two Virginia sites with naturally occurring and regenerated remnant longleaf pine, Everwoods (41.7 ha; 76u559340W, 36u399300N; ca. 12 m a.s.l.) and Seacock Swamp (312.8 ha; 76u55920W, 36u499450N; ca. 12 m a.s.l.; about 48.3 km north of Everwoods). In these sites, longleaf pine is a component of the much larger closed-canopy, mixed hardwood-loblolly pine forest. Everwoods is owned and managed by International Paper and is described by them as a ''naturally established pine site'' because this stand has not been actively managed by International Paper or its predecessor, Union Camp, although the duration of non-active management is not documented (Harvey Darden, International Paper, personal communication). Everwoods was also not included in a survey of longleaf pine in Virginia (Sheridan et al. 1999) , because it was unknown until 2001 when it was discovered by International Paper. Seacock Swamp is privately owned and, based on the owner's recollection, was subject to selective harvesting in 1953, which left remnant trees to reseed the site (T.L. Bain, landowner, personal communication). Neither site has any known record of natural or prescribed fire. Both study sites are within Virginia's Climate Division 1 (National Climatic Data Center). The average annual temperature for this region is 13.9uC. The warmest months are July (mean 5 25.36uC) and August (mean 5 24.59uC), and the coldest are January (mean 5 3.39uC) and February (mean 5 3.98uC). Mean annual precipitation is 93 cm with August being the wettest month. The USDA Soil Survey Geographic database indicate that soils at Everwoods consist of Alaga fine sands, Chipley sands, and Leon-Chipley sands, and they are very deep ranging from excessively to poorly drained. At Seacock Swamp, soils consist of Bibb sandy loams that are frequently flooded, and Emporia fine sandy loams, Nansemond loamy fine sands, Slagle fine sandy loams, and Uchee loamy sands that are all well drained.
Field Methods, Laboratory Methods, and TreeRing and Climate analysis
We relocated all longleaf pine originally surveyed by Sheridan (1993) at Seacock Swamp and in 2002 at Everwoods (unpublished data from P.L. Sheridan). Longleaf pines at Seacock Swamp were relocated using geo-referenced points provided by the Virginia Department of Forestry, and via field notes and tree tags at Everwoods (Sheridan 1993) . We identified all longleaf pines surveyed by Sheridan, geo-referenced them, and measured their diameter at breast height (DBH 1.4 m). We extracted two cores using an increment borer from opposing sides of all individuals #10.0 cm DBH. Cores were taken at a height of 20 cm and perpendicular to the slope (when present).
All cores were dried, mounted, sanded with increasingly fine sandpaper, and were crossdated using the marker-year list method (Stokes and Smiley 1968; Phipps 1985; Yamaguchi 1991) . Annual rings were measured using the Velmex unislide tree-ring measuring system (0.001 mm resolution). COFECHA was used to statistically verify our crossdating and create master tree-ring series for both sites (Holmes 1983; Grissino-Mayer 2001) . To minimize the effects of endogenous and exogenous disturbance while maximizing the climate signal, we began by omitting individuals from the master series for both sites based on boundary-line growth patterns (Black and Abrams 2003; Black and Abrams 2005; Bhuta et al. 2008) . We omitted individual trees cumulatively experiencing both moderate (20%) and major (50%) release events or those experiencing major (50%) release events in their individual measurement series from the master series. COFECHA was used to re-verify our modified master tree-ring series. Following re-verification, geometrically-related growth trends for both sites were standardized using CRONOL. We constructed standard chronologies by fitting a negative exponential curve or linear regression line and then applying a biweight robust mean to reduce the effects of outliers for the individuals in the chronology (Cook 1985; Cook and Holmes 1992) . Residual chronologies were constructed by applying autoregressive modeling to the detrended series for both sites to account for the effects of autocorrelation caused by interdependence with climate variables (Figure 2) (Cook 1985) . The original and modified chronologies were compared to longleaf pine chronologies from Foster and Brooks (2001) We obtained monthly mean precipitation, temperature, and Palmer Drought Severity Index (PDSI) data for Virginia's climate Division 1 from the National Climate Data Center, Asheville, NC (Figure 3 ). We used climate records averaged across the division instead of localized climate data from stations near the sites, because of missing data in the latter. Response function analysis (RFA) included monthly climatic variables covering the prior March to October of the current year of radial growth to account for the amount of carbon fixed and allocated to bolewood production and the maintenance of needles (Wahlenberg 1946; Meldahl et al. 1999; Foster and Brooks 2001) . The response functions from 1933 to 2003 for Everwoods and 1897 to 2003 for Seacock Swamp were derived using the statistical program, DENDROCLIM2002 (Biondi and Waikul 2004) . RFA, first described by Fritts et al. (1971) , is a multiple linear regression technique incorporating principal components and accounts for the potential of co-linearity of monthly climatic variables on annual ring growth. Bootstrapping was added to this technique in order to avoid bias, limit error, and achieve more accurate results (Efron 1979; Guiot 1991; Biondi and Waikul 2004) . DENDROCLIM 2002 checks the statistical significance of response function coefficients with the bootstrap method and highlights coefficients exceeding the 95% significance level (Guiot 1991; Biondi 1997; Biondi and Waikul 2004) .
RESULTS
We found 12 more individuals at Everwoods than the 34 longleaf pine surveyed by Sheridan in 2002 (unpublished data) . Cores from 37 of these trees were used for the Everwoods chronology. Of the original 41 individuals Sheridan (1993) surveyed in Seacock Swamp, we relocated and cored 32 of them. It is thought that the nine missing trees were downed by Hurricane Floyd in 1999 and harvested in 2001 (T.L. Bain, landowner, personal communication). Original master tree-ring series at Everwoods ranged in age from 32 to 184 years (mean 5 53 years, median 5 45 years, s 5 4.16), while at Seacock Swamp the series ranged in age from 56 to 175 years of age (mean 5 94 years, median 5 82.5 years, s 5 5.47). Our chronologies include eight trees over 100 years of age (one at Everwoods, seven at Seacock Swamp).
Although the number of dated series for both master chronologies was reduced through the removal of trees showing evidence of disturbance, the COFECHA descriptive statistics for both sites were not greatly affected. The series intercorrelation increased slightly while average mean sensitivity decreased slightly (Table 1) . Further, average interseries correlation and average mean sensitivity of our original and modified chronologies are similar (Table 2) to longleaf pine chronologies from the ITRDB and the two recent studies (Foster and Brooks 2001; Henderson and Grissino-Mayer 2009) . The average interseries correlation and average mean sensitivity are 0.503 and 0.248 for the modified Everwoods chronology, respectively, and 0.501 and 0.260 for the modified Seacock Swamp chronology, respectively. These modified chronologies were used in determining the response function for temperature, precipitation, and PDSI.
RFA indicates that radial growth at Everwoods responded positively to both current-year February temperature (RFA coefficient 5 0.28) 
DISCUSSION
Chronology Development and Climate Analysis
We developed longleaf pine chronologies for southeastern Virginia and determined to which climatic variables these chronologies are responding. RFA supports the hypothesis that radial growth is responding to winter temperature for longleaf pine at its NLRM (Figure 4 ). In contrast, most studies have found no relationship or negative relationships between temperature and radial growth of longleaf pine (Lodewick 1930 of southern Mississippi as well as in the Southern Coastal Plain of southeastern Florida (Foster and Brooks 2001) . Because of the response to mean February temperature in this study, we hypothesize that winter temperatures strongly influenced the position of the NLRM for both longleaf and loblolly pine as climate fluctuated throughout the Holocene (Watts 1983; Wells et al. 1991; Schmidtling and Hipkins 1998; Schmidtling et al. 2000) . This hypothesis is based on (1) the genetic diversity of allozymes for longleaf pine which decreases from west to east and from south to north, and (2) adaptive traits of longleaf pine growth and survival, which have a north-south component closely related to variation in mean annual minimum temperature (Schmidtling and Hipkins 1998) . The north-south mean annual minimum temperature structure suggests that the NLRM of longleaf pine fluctuated as climate fluctuated. Further investigation of the relationship between radial growth and climate across its range will be one way to test this hypothesis. Regardless of the actual mechanism(s) that make longleaf pine sensitive to winter temperatures at the NLRM, our results support the hypothesis that radial growth is responding to winter temperature at its northern latitudinal range margin.
Our findings are also in agreement with other dendroclimatological studies showing winter temperature to be a significant influence on radial growth in other tree species, especially coniferous species growing near or at their NLRM (Cook et al. 1998; Tardif et al. 2001; Mä kinen et al. 2002; Pederson et al. 2004; Zhang and Hebda 2004; Hopton and Pederson 2005; Hoshino et al. 2008) . Loblolly pine radial growth, the species most closely related to longleaf pine, is limited by cool winter temperatures at the eastern and western ends of its northern range limit. Winter photosynthesis has been observed in southeastern U.S. pines, especially in Piedmont loblolly pines of North Carolina (Hepting 1945; McGregor and Kramer 1963) . If needles are not frozen, days with temperatures above freezing can allow temperate conifers to gain carbon (Chabot and Hicks 1982; Havranek and Tranquillini 1995) . A gain of extraseasonal photosynthate can make up an important portion of a tree's annual carbon budget (Havranek and Tranquillini 1995). Loblolly pine growth at the northeastern end of its range margin has been significantly correlated to January and February minimum and maximum temperatures. This response might be caused by freezing or desiccation during these months when maximum temperatures can plummet below 10uC (Cook et al. 1998) . Our results indicate that February temperature contributes to limiting the radial growth of longleaf pine at its NLRM, possibly for the same reasons postulated for loblolly pine.
Interestingly, results here support a growing body of literature indicating that the radial growth of conifers in the temperate eastern U.S. is constrained by winter temperatures. The radial growth of montane red spruce (Picea rubens Sarg.) is so constrained by winter temperatures that it was used for temperature reconstruction in New England (Conkey 1982) . Subsequent research indicated high winter temperature sensitivity of red spruce across the Adirondack Mountains and much of northern New England (Johnson et al. 1988) . Similarly, from southern Maine to northern New Jersey, radial growth of Atlantic white cedar is significantly limited by winter temperatures (Pederson et al. 2004; Hopton and Pederson 2005) . In fact, more than half of the seven sites studied by Hopton and Pederson (2005) had temperature sensitivities similar to red spruce studied by Conkey (1982) . Other conifers having winter-temperature sensitivity, though to a lesser degree, include eastern hemlock (Cook and Cole 1991) and pitch pine (Pederson et al. 2004) . Eastern hemlock has a consistent positive correlation to current-March temperatures and reaches its highest values near its NLRM in northern Wisconsin, the Upper Peninsula of Michigan and the Adirondack Mountains of New York. Pitch pine has a significant positive correlation to prior-December and current-February temperatures in a northern range margin population in the Hudson River Valley of New York State. Combined with our findings here and prior research, it seems that further research is warranted for coniferous species along their NLRM and throughout much of their range in temperate eastern North America.
Our data also indicate that longleaf pine is responding to current February precipitation at their NLRM in southeast Virginia. This differs from the findings of several other longleaf pine studies that found current spring and summer precipitation has significant influence on radial growth (Devall et al. 1991; Meldahl et al. 1999; Foster and Brooks 2001; Henderson and GrissinoMayer 2009) . A potential explanation of the lack of a strong drought response at longleaf pine's NLRM is that the evaporative demand during the growing season at this northerly latitude is less than what typically causes population-level water stress. Much replication is needed to better understand water stress at longleaf pine's NLRM. The significant relationship to February precipitation found here, however, is in agreement with longleaf pine studies in South Carolina and Texas (Henderson and Grissino-Mayer 2009) . In this study, longleaf pine's significant inverse relationship with prior-year August PDSI indicates that radial growth increases with decreased water availability (increased evaporative demand). This unusual result makes further investigation along longleaf pine's NLRM even more important so that this finding can be understood as an anomaly or common climatic response.
Management Implications
Similar to the prediction for loblolly pine by Cook et al. (1998) , longleaf pine might naturally expand northward beyond its present NLRM in southeastern Virginia because of rising temperatures. However, this scenario might still require reforestation and management efforts because of the limited distribution of naturally occurring longleaf pine populations and fragmented landscape within the study region. If future winter temperatures increase in southeastern Virginia, winter temperature stress on the radial growth is expected to decrease and resemble the lack of positive correlation to winter temperatures in more southerly loblolly pines (Cook et al. 1998) . A potential offset to a reduction of winter temperature stress, however, could come in the form of increased drought stress during the growing season. Therefore, any gains made by warmer winter temperatures could be negated by increased drought. On the other hand, increased drought might increase the likelihood of fire and favor longleaf pine at the expense of other conifers and hardwoods currently dominating these sites (Gilliam and Platt 1999) .
Ultimately, local and regional variation in soils, topography, and land use might also influence climate stress on longleaf pine growth. Factors influencing longleaf pine's establishment and growth are complex in their interactions and could potentially mask or amplify one another in the future. Thus, we suggest that many of these factors should be considered and monitored as management and restoration strategies are conceived and implemented in southeastern Virginia and nearby regions where populations of longleaf pine are limited. Management that accounts for potential climate change scenarios will be necessary to preserve present populations and maintain reforestation efforts for this state-listed critically imperiled species (Iverson et al. 1999; Frost 2006; Pederson et al. 2008) .
CONCLUSIONS
This study determined that (1) chronologies can be developed for longleaf pine at its northern latitudinal range margin, (2) current-year winter temperature and precipitation and prior-year August PDSI significantly influence radial growth of longleaf pine at its NLRM in Virginia, and (3) there is variability in longleaf pine radial growth's response to climate through out its range. As predicted for many tree species, longleaf pine's NLRM might fluctuate because of future climatic conditions. Management plans that incorporate the restoration/afforestation of longleaf pine in the fragmented landscape of southeastern Virginia need to account for this warming, but increased drought, and possibly fire, which ultimately might favor longleaf pine over other southern pines and hardwoods, could complicate these plans.
Our research also highlights the variability of the relationship between longleaf pine radial growth and climate, and the need for further research on this relationship in other parts of its range. Clearly, large spatial gaps are apparent between our study sites in Virginia and those in the southern and western parts of the longleaf pine range. Information regarding the relationship between the radial growth of longleaf pine and climate are also seen in its northern range margins of Alabama, Georgia, North Carolina, and South Carolina. Research that fills in the gap on the spatial variations of the relationship between longleaf pine radial growth and climate between our sites and those observed in prior research would contribute to a better understanding of the ecology and natural history of this species. Such research might also aid in explaining past distributions and enhancing predictions of future distributions under changing climate.
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